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Peter  J.  Burke,  Professor 

Integrated  Nanosystems  Research  Facility 
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1 .  History  and  background  of  grant 

This  project  is  an  outgrowth  of  a  DTRA  funded  feasibility  study  for  the  development  of  a 
nanoscale  THz  spectrometer.  The  goal  of  this  3-year  grant  is  to  make  progress  towards 
fabrication  and  demonstration  of  a  high  resolution  method  to  use  nanotechnology  (specifically 
nanotubes  and  graphene)  to  measure  THz  signals. 

The  grant  was  funded  for  6  mos.  ($70,000  for  07/01/2009-12/31/2009),  then  another  6  mos. 
($68,592  for  01/01/2010-06/30/2010).  Option  #2  was  exercised  with  incremental  funding  in  the 
amount  of  $60,000  in  November,  2010  of  the  $137,463  budgeted  for  12  mos.  during  07/01/2010- 
06/30/2011.  In  June  2011,  work  on  option  #2  totaled  $75,600,  while  the  amount  funded  was 
$60,000.  It  was  anticipated  that  option  #2  will  be  additionally  funded  for  at  least  $15,600  or 
more.  An  additional  $40,000  was  exercised  for  Option  #2  to  the  project  in  March  2012.  In  June 
2012,  a  No-Cost  Time  extension  was  granted  to  keep  the  project  active  through  June  30,  2013. 
The  last  Interim  Progress  Report  covered  the  period  up  to  July  31,  2012. 

In  February  2013,  additional  funding  of  $37,463  were  added  to  the  grant.  In  March,  2013,  the 
final  option  of  $142,465  was  added  and  the  period  of  performance  extended  to  June  30,  2014. 

The  previous  IPR  described  the  fourth  year  progress  on  this  grant  (for  the  period  beginning 
August  01,  2012  and  ending  July  31,  2013.) 

Prior  IPRs  were  submitted  that  covered  the  previous  periods  of  performance  ending 
7/31/2013.  This  report  contains  them  implicitly,  as  well  as  reports  on  additional  progress  for  the 
period  of  performance  8/1/2013-6/30/2014. 

2.  Budgetary  issues 

The  federal  government  shut  down  in  the  fall  of  2013,  and  we  had  already  committed  to 
hiring  an  engineer  to  run  our  nanotube  and  graphene  synthesis  furnace,  and  two  students.  A 
related  MURI  effort  was  unfunded  during  part  of  the  shut  down,  so  we  leveraged  the  ARO  core 
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for  this  work.  This  provided  a  very  synergistic  combination  of  materials  growth  for  THz 
antennas  based  on  nanomaterials.  (See  task  5  in  the  next  section). 

3.  Progress  this  year 

As  we  described  in  our  last  IPR,  we  have  executed  the  plans  for  the  final  year  of  this  project. 
We  continued  to  develop  graphene  materials  for  THz  detection  applications.  The  bulk  of  the 
effort  focused  on  materials  synthesis  and  characterization  in  order  to  supply  devices  for  THz 
spectroscopy. 

We  also  hired  an  engineer  to  run  a  commercial  nanotube  furnace  that  can  make  extremely 
dense  aligned  arrays  of  nanotubes,  which  was  purchased  by  UCI  at  a  deep  discount. 

The  original  grant  was  to  use  double  quantum  dots  for  THz  camera,  however  the  project 
progress  has  been  significantly  enhanced  because  of  our  realization  the  graphene  can  actually  act 
to  guide  THz  waves  and  modulate  them.  This  was  one  of  the  original  tasks,  #5,  called  “antenna 
aperature  issues”,  in  which  we  stated  the  problem  but  not  the  solution  of  how  to  guide  THz 
waves  from  free  space  onto  any  kind  of  nanodevice.  Our  realization  that  graphene  can  be  a 
waveguide  and  hence  possibly  guide  free  space  waves  onto  nanodevice  that  are  actually  made  of 
graphene  themselves  will  be  further  explored  in  this  project.  However  to  make  good  THz 
waveguides  with  plasmonic  effects  one  needs  high  quality  material  (high  mobility). 

Therefore,  this  was  an  important  focus  (to  develop  better  mobility,  large  area  graphene)  for 
THz  wave  modulation  for  applications  in  THz  cameras  for  biosensing  in  this  last  year. 

Graphene  synthesis  and  device  processing  ( Irvine ) 

During  the  period,  we  developed  dramatically  improved  graphene  quality  over  large  area.  In 
the  beginning  of  the  period,  we  had  a  Dirac  voltage  of  graphene  on  silicon  of  about  100  V.  Now 
it  is  down  around  a  few  volts,  which  allows  for  higher  transconductance.  In  addition,  the  on/off 
ratio  was  improved  from  about  1.1:1  to  about  5:1.  Finally,  the  lowest  resistance  was  improved 
from  a  few  kQ  per  square  to  about  1  kQ  per  square.  To  be  sure,  these  metrics  are  not  new  to 
graphene.  However,  to  our  knowledge,  this  is  the  first  time  they  have  been  achieved  in  large  area 
graphene.  (A  well  publicized  study  of  large  area  graphene  by  Samsung  [3]  was  not  gated,  as  we 
need  for  the  THz  modulator).  Our  graphene  is  about  1  cm  x  1  cm. 
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Without  Anneal 


With  Anneal 


PMM^esidues 


Figure  1:  Effects  ofPMMA  removal  using  vacuum  annealing 


Much  of  the  actual  work  done  in  the  first  half  of  the  period  was  to  develop  an  annealing 
procedure  to  remove  residual  PMMA  left  over  from  the  transfer  process  as  seen  in  Figure  1.  We 
performed  34  anneal  runs  during  the  period  on  our  First  Nano  CVD  system  (Figure  2),  and  were 
able  to  develop  an  appropriate  PMMA  removal  recipe,  which  consists  of  200  seem  H2  and  200 
seem  Ar  at  400  degrees  Celsius  at  500  mTorr  for  one  hour. 


Figure  2:  EasyTube3000  CVD  System  used  for  annealing  and  graphene  growth 
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During  the  second  half  of  the  period,  we  were  able  to  change  one  of  the  mass  flow  controllers 
on  the  First  Nano  CVD  system  for  one  with  a  low-max  flow  rate,  allowing  for  the  successful 
synthesis  of  single  layer  graphene  with  quality  comparable  to  other  commercially  available 
graphene  suppliers  as  displayed  in  Figure  3.  This  work  performed  under  this  ARO  core  grant, 
which  allowed  for  the  hiring  of  a  senior  engineer  for  3  months  (Lei  Ding,  Oct-Dee  2013)  in  order 
to  get  the  furnace  running  for  graphene. 
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Figure  3:  Optical  microscopy  image  of  transferred  graphene  film  (~20  pm  grain  size).  The  Raman  spectra  ofUCI 
grown  graphene  indicates  monolayer  (inset  shows  Raman  spectra  from  Graphene  Super  Market  for  comparison) 


The  transferred  graphene  still  had  a  large  Dirac  point  (~  100  V),  regardless  of  whether  it  was 
graphene  grown  in  our  lab,  or  provided  by  a  commercial  supplier  (Graphene  Supermarket  from 
New  York,  Graphenea  from  Europe,  and  Graphene  Sq  from  Korea).  In  order  to  address  the  issue 
of  a  large  Dirac  voltage,  we  proceeded  to  modify  the  substrate  surface  using  chemical 
functionalization  of  self-assembled  monolayers  of  octadecyltrichlorosilane  (OTS)  as  described  in 
[4].  Using  this  technique,  we  were  able  to  decrease  the  Dirac  point  from  somewhere  near  100 
volts  to  a  voltage  near  10  volts  as  shown  in  Figure  4.  Although  low  Dirac  voltages  for  GFETs 
and  substrate  modification  using  OTS  have  both  been  previously  demonstrated,  to  our 
knowledge,  we  are  the  first  to  demonstrate  the  use  of  these  methods  for  centimeter  scale  device 
areas. 


Figure  4:  Evolution  of  Dirac  point  over  time.  The  first  chart  shows  devices  with  a  unobsen’able  Dirac  point  (  >  100 
V).  In  the  following  charts,  we  can  see  devices  with  Dirac  point  lowered  to  30  V,  and  10  V. 


Final  Progress  Report  for  Grant  #  W911NF-09-1-0319 


p.  4  of  5 


1/16/2015 


4.  Relationship  of  this  project  to  MURI  project 

A  separate  MURI  project  is  funding  work  on  biosensors  (W911NF-09-1-0319).  The  work 
reported  in  this  period  of  performance  was  mostly  materials  development  and  graphene  transfer 
methods,  and  so  is  aimed  at  the  ARO  CORE  project  but  has  additional  benefits  to  the  MURI 
effort.  Note  that  while  this  report  is  similar  to  the  MURI  IPR,  this  work  is  nanomaterials 
synthesis  development  and  the  MURI  report  is  more  focused  on  the  applications  of  the 
nanomaterials.  Still  because  they  are  closely  related  the  IPR  and  this  report  are  used  to  show  the 
synergies. 

The  work  on  nanomaterials  development  was  a  continuous  process  development  that  was  not 
halted  or  started  up  based  on  spurts  in  funding.  Instead,  to  keep  the  development  on  track,  during 
the  Fall  2013  the  process  development  was  supported  by  the  ARO  core,  whereas  during  the 
spring  2014,  this  work  was  leveraged  to  continue  improving  materials  and  also  to  deliver  the 
testbeds  to  the  MURI  participants.  Therefore,  some  of  the  graphs  in  this  report  overlap  with  the 
once  in  the  MURI  IPR. 
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